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Abstract: 
An original non-invasive approach of fuel cell diagnosis is proposed in order to locate different kinds of faults 
in PEMFC stacks from magnetic field measurements. The method is based on the solving of an inverse linear 
problem linking the magnetic field signature outside of the fuel cell to the current density distribution inside. 
The searched solution is a linear combination of conservative current distribution obtained by a set of 
electrokinetic problems solved by a finite face element method. As the problem is ill-posed, the solution is 
stabilized using a truncated singular value decomposition. In this work, 30 sensors are used to perform the 
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magnetic tomography of a PEMFC stack consisting of 100 cells with a large active area of 220 cm2. External 
magnetic measurement makes possible to identify 2D or 3D changes of current density distribution induced 
either by a cell flooding or membrane drying as well as by material degradation in a PEMFC stack. 
 
Keywords: Fault detection; Non-invasive diagnosis; PEM fuel cell; Magnetostatic inverse problem; Current 
density identification. 
 
1. INTRODUCTION  
Of the many barriers currently impeding the deployment of Proton Exchange Membrane Fuel Cell 
(PEMFC), cost and durability represent two of the most significant challenges to achieve clean, reliable, and 
cost-effective PEMFC systems, in particular for automotive applications, where reliability and durability are 
critical. For mass integration of fuel cell systems in electric vehicles, the US DOE and European commission 
targets are only reached in terms of performances (2 kW kg-1 and 2.25 kW L-1), but neither in terms of 
durability (2500 h vs 5000 h) nor price (24 vs 20 $ kWe-1), which is currently the main hurdle to massive 
development [1]. Solving these shortcomings will be a great opportunity for a decisive breakthrough towards 
mass-diffusion of the current PEMFC technology.  
Regarding the reliability of the large PEMFC stack, one important problem to solve is the current 
heterogeneities existing at the cell surface level and along the stack length. These latter heterogeneities at the 
stack level may be induced by local operating conditions (flooding, drying, etc.) or material degradation. 
Indeed, Robin et al. [2] observed an important dispersion of the 30 cells voltages during the durability test of 
large area PEMFC stack. At the cell level, they observed heterogeneous current density distribution under dry 
and wet conditions due to the local conditions such as temperature, relative humidity, etc. Current density 
heterogeneities at the stack level may be related to local degradation of the Membrane Electrode Assembly 
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(MEA) constitutive materials. Wu et al. [3] note a decrease of Gas Diffusion Layer (GDL) conductivity and 
hydrophobicity after fuel cell operation. Namely, Das et al. [4] showed that aged GDLs demonstrate higher 
adhesion forces, which dominate GDL degradation response and fuel-cell water holdup. The PTFE 
(hydrophobic agent) and carbon support are subjected to chemical attack and oxidation, leading to change in 
GDL properties. The main degradation mechanisms of Catalyst Layers (CL) are well demonstrated in the 
literature: (i) migration/aggregation of the Pt-based nanoparticles, (ii) corrosion of the carbon support, (iii) 
dissolution/redeposition of the Pt-based nanoparticles (3D Ostwald ripening) and (iv) chemical reduction of 
the Ptz+ ions produced by Ostwald ripening [5,6]. It is now well accepted that membrane degradation is a 
combination of both mechanical and chemical degradation effects [7].  
On the one hand, it is critical to develop inspection techniques able to measure local properties on every 
location on the sheet material such that defects in MEA components can be removed prior to assembly into 
complete PEMFC stack. Infrared thermography was proposed for rapid (with response times on the order of 
1 s for large areas), noncontact, and nondestructive detection of defects [8,9]. On the other hand, it is also 
critical to develop techniques able to detect anomalies at the stack level during operation induced either by 
ineffective conditions or material defects induced by ageing [10]. Up to date, electrochemical techniques, such 
as polarization curve, current interruption, and electrochemical impedance spectroscopy (EIS), have been 
popularly employed for fuel cells diagnosis. Measurements of cell voltages are the simplest to perform and to 
(often) interpret voltage drops, indicating failures necessitating the immediate shutdown of the stack [11]. EIS 
is also a well-established diagnostic method [12-17] that has been widely used in electrochemistry due to its 
flexibility (which enables covering a wide range of aspects of fuel cells) and accuracy [12]. Routine 
experimental methods based on different techniques devoted to the evaluation of cell state (Cell voltage, 
polarization curve, EIS, etc.) are certainly powerful, but remain insufficient when dealing with the 
heterogeneous aspects of the ageing phenomena at stake in the cell [18] and even more within a stack. Indeed, 
owing to the cell geometry, the uniformity of the chemical, physical, and electrical values is never perfectly 
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achieved. It is well-known that the local operating conditions in the stack depend on the position of the cell 
in the stack and over the cell surface because of the flow-field design [2]. Therefore, techniques allowing local 
measurement of PEMFC parameters at the stack level, are of major interest to sense localized ageing 
phenomena and understand degradation mechanisms. Namely, numerous in situ techniques have been 
developed to determine the current distribution over the cell surface [19-23]. This is generally performed by 
using “invasive probes” such as segmented cell to measure the current density distribution. Segmented cells 
are increasingly used for in situ investigation of PEMFC operation [24], for instance to design channels [25] 
or to optimize their performances [26] and are also suitable for the study of degradations [27,28]. At the stack 
scale, in situ current mapping on the active surface area can be assessed by the implementation of an S++® 
measurement device from the S++® Simulation Services Company [http://www.splusplus.com] within the 
stack [18]. Nevertheless, the S++® devices are large intrusive components, well-adapted to test bench studies 
but poorly applicable in real systems. Moreover, their maximal acquisition frequency is around 0.5 Hz which 
prevents any coupling of such S++® mapping with classical EIS characterizations. Lilavivat et al. [29] present 
an overview of techniques for mapping the current distribution within a fuel cell. More recently, Lee et al. 
[30] used micro-electro-mechanical systems (MEMS) technology to integrate micro temperature, voltage and 
current sensors into a 40 mm thick stainless steel substrate successfully. Despite their indubitable fundamental 
interest, these techniques (segmented cell, current mapping) cannot be deployed on a real PEMFC system. 
Moreover, these technics allow only to give an information about the current density distribution at one cross 
sectional location in the stack while today a complete current density mapping along the stack length is 
required. 
However, non-invasive methods based on measurements of the magnetic field induced by current 
production within the stack have been proposed in the literature and for PEMFC stack diagnosis [31,32]. The 
external magnetic field measurement is a new and original technique, which consists in placing magnetic 
sensors around the stack, to measure the magnetic field generated by the current flowing through it. 
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Previously, magnetic field cartography has been performed using a 3-axis magnetic sensor displaced around 
the PEMFC stack via a moving sensor. 300 measurements were necessary to obtain a good resolution on the 
current distribution mapping [31]. Unfortunately, this acquisition lasts 15 min, a time during which the internal 
state of the fuel cell can vary and may lead to wrong current estimation. Moreover, such a system is extremely 
complex to develop and can only be used in a laboratory context. Yamanshi and al. [33] also investigated fuel 
cell diagnosis by measuring the magnetic field, and an additional study was done in [34]. In these studies, a 
genetic algorithm is used to find a linear combination of magnetic field signatures associated to elementary 
faults. The current density distribution is then reconstructed in a fuel cell containing only one MEA. 
Previous work [35,36] have validated a method to determine the internal state of a PEMFC stack based on 
non-intrusive external magnetic measurements by comparison to those recorded by the S++ card. This new 
and innovative magnetic tomography approach was used in order to reconstruct faults in PEMFC stacks by 
using one sensor array in the middle of the stack. The originality of our approach is that it requires a very 
small number of magnetic field sensors while maintaining an acceptable resolution within a shorter delay than 
the 15 min with the previous methods [31,32]. The major advantage is that the internal state of the stack does 
not vary during the measurement time (i.e. 1 min). The low number of sensors is made possible thanks to 
assumptions on the current distribution and to an adequate choice of magnetic sensors location and orientation 
according to the stack dimensions. However, the diagnosis tool is designed to be sensitive only to current 
heterogeneities induced by global faults (2D Fault) which affect identically all the cells of the stack. To go 
further, this approach has been improved to be sensitive to more localized faults involving only few adjacent 
cells in a stack and by proposing an original 3D faults identification method. An inverse model of the Biot 
and Savart law was then developed, allowing the 3D reconstruction of current density in a fuel cell from 
external measurements of the magnetic field [37]. The developed tool is validated on a large PEMFC stack 
that consists of a stack of 100 cells with an active cell area of 220 cm2 (Fig. 1). The faults, induced by using 
either tailored defective MEAs or thanks to specific operating conditions, are used to characterize how local 
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and overall performances of the MEA are affected. In case of operating conditions faults configurations, 
flooding or drying may involve all the cells of the stack generally in the same zone. This anomaly is defined 
in the paper as a 2D fault. In the case of localized faults induced by material degradation, one cell or few cells 
may be involved. This anomaly is defined as a 3D fault in the paper. For automotive, this tool would be useful 
to locate faults induced by either inappropriate operating conditions or degraded areas inside a stack. Our 
target is to provide a magnetotomography of the current distribution inside a stack in real operation. 
This works is organized in 3 parts. The first consists on a description of the experimental setup. The second 
focuses on the methodology build around virtual measurements (virtual electrokinetic and magnetic behaviors 
of the stack) in order to establish and solve the inverse problem and thus identify the current density 
distribution in a faulty stack. The third step presents the implementation of our method on faulty stacks. 
2. DESCRIPTION OF THE EXPERIMENTAL SETUP 
2.1. PEMFC stack description 
Magnetic measurement system was tested and validated on a stack that consists of 100 cells with an active 
area of 220 cm2, connected in series from the GENEPAC technology (Fig. 1a) [18]. Each cell is composed of 
one Membrane Electrode Assembly (MEA) where the electrochemical reactions take place and one bipolar 
plate with serpentine flow field. This latter is a multifunctional component, which ensures proper reactive 
gases distribution in the cell and product exhaust, separates the different cells of the stack, collects the current 
away from the cell, assists the heat and water management, and ensures the mechanical stability and sealing 
of the stack. The geometric characteristics of this fuel cell are given on Table 1.  
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(a) (b) 
Fig. 1: Experimental setup: GENEPAC stack surrounded by a magnetic sensors array in laboratory 
environment (a) and MEA with 20 % of the active area inhibited using resin (b) 
Table 1: Geometrical parameters of the GENEPAC PEM fuel cell 
Rectangular section 0.164x0.136 m2 
MEA thikness 0.43 mm 
Bipolar plate thikness 1 mm 
End plate thikness 2.5 mm 
Fuel cell length 148 mm 
Distance sensor/Stack 35 mm 
Number of cells 100 
 
The PEMFC stack was operated under conditions gathered in Table 2. These reference conditions are 
considered as a healthy mode for which the PEMFC stack shows stable current or voltage during a long period 
with a low performance decrease. 
 
Z 
Y 
X 
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Table 2: Operating conditions during magnetic measurement corresponding to healthy mode. 
Air stoichiometry (Sto) 2 
Hydrogen stoichiometry (Sto) 1.5 
Air relative humidity (RH) 80 % 
Hydrogen relative humidity (RH) 80 % 
Anode pressure 1.5 bar 
Cathode pressure 1.5 bar 
Temperature 80°C 
 
In order to mimic the operation of the stack in faulty modes, anomalies may be induced by either changing 
the operation conditions (air stoichiometry or air relative humidity) or introducing a localized fault by 
changing the properties of few MEA inside the stack. Indeed, set of measurements were made in order to 
validate the ability of our methodology to diagnose an evolution of internal stack operating conditions during 
oxygen starvation and membrane drying. Measurements were made using the following protocols: 
o The stack was operated in healthy mode at least during 30 minutes in order to reach the 
steady state performances. Cell voltages and magnetic fields were recorded during this 
step.  
o The studied parameter (inlet relative humidity or air stoichiometry) was changed and 
effects on stack voltage, cell voltages distribution and magnetic field was recorded 
during at least one hour at constant current.  
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o  The previous step was repeated for different air relative humidities, different air 
stoichiometries in order to map the effect of operating set point on voltages and on 
magnetic field. 
During a third experiment, a set of measurements was made in order to validate the ability of the magnetic 
measurement method to identify a local fault within a PEMFC. This latter case was done to mimic a local 
MEA degradation (carbon corrosion, Platinum dissolution, etc.). To do this, the stack was disassembled and 
the cells 61 to 65 were extracted from the stack. 20 % of the active surface of these 5 cells was covered with 
a resin that inhibits this area (Fig. 1b). Once the cells were reassembled within the fuel cell stack, new 
measurements were performed in reference conditions at the same current of I=100 A. 
2.2. Magnetic field device description 
 As shown in Fig. 1a. 30 sensors are positioned on the same plane perpendicularly to the current flowing. 
In order to maximize the signal to noise ratio, sensors are located as close as possible to the stack. This single 
array of sensors is moved along the stack length to perform measurements on three different locations along 
z-axis of the stack (Fig. 2) [37]. The sensors orientation is chosen in order to mainly measure the magnetic 
field due to the heterogeneity of the current density distribution [35]. That is to say that the orientation of the 
measurement axes of each sensor is defined in order to be insensitive to the main current flow through the 
stack. Thus, only the axial and radial components, Bu and Bw, are used (Fig. 2b) because of their sensitivity 
to any heterogeneous current streamline distribution. On previous works [35] only one sensor array of 30 
magnetic sensors was used, in the middle of the stack (middle sensor array Fig. 2a) and the identification of 
the current distribution was made only from radial magnetic component (Bu). In order to improve our method 
and apply it to local fault identification, three measurement locations are considered in this work as depicted 
in Fig. 2a. In practice, the sensors array is moved on the left, middle and on right position during experiments 
to record magnetic field in these three location (Fig. 2a). 
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Fig. 2: Set-up sensor postions around the stack (a) and sensors locations for each array (b) 
3. IDENTIFICATION OF THE CURRENT DENSITY FROM THE EXTERNAL MAGNETIC FIELD 
It has been established that the current density distribution is modified by the operational process control 
mode [2]. The magnetic field depends on the current flowing through all the components of the stack and 
devices around it (active part of the stack, end plates, current collectors, and external connections to load and 
auxiliaries). A direct modelling based on the equations governing the electrokinetic then, the magnetostatic 
phenomena are used to define virtual or simulated magnetic measurements.  
As the external magnetic field generated by the fuel cell is an image of the current density distribution in 
the stack, an inverse linear problem has to be solved. The first step for inverse problems solving is the 
parameterization of the causes (here is the current density distribution) and effect (magnetic field). The key 
point of the inverse modeling is the choice of the current density parameterization, which has to be sufficiently 
compact in order to limit the number of degrees of freedom, but also sufficiently large to cover the space of 
all possible faults configurations. 
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3.1. Direct problem:  
The electrokinetic model of the PEMFC stack is based on a previous physic-based approach [38]. This 
model is composed of multiple single repeat units stacked on top of each other and sandwiched between two 
end plates along the z-axis. The electrical behavior of the fuel cell is modelled using a Finite Element Method 
(FEM) and face shape functions as described in [39].  
After the FEM electrokinetic resolution that leads to the current distribution on the mesh of the fuel cell, a 
magnetostatic problem has to be solved in order to compute the magnetic field at any point around the stack. 
It can be efficiently achieved by numerically integrating the Biot and Savart law (Eq. 1): 
B(r)=
μr
4π
∫
(rs-r)
|rs-r|3
 × j(rs)dΩs
Ωs
 
(1) 
where 𝐁 the magnetic induction at position 𝐫, 𝐣 the current density at the integrating point rs,  Ωs the stack 
volume and μr is the magnetic permeability of the air. 
The geometrical parameters of a GENEPAC technology stack (Table 2) are considered to simulate the 
current density distribution as well as the streamline. The electrical conductivities of the heathy and faulty 
stacks are given in the table 3 [38]. Note that the healthy stack considers homogeneous conductivities while 
the faulty part of the stack assumes a conductivity close to zero. For numerical reason, the conductivity of the 
faulty zone is assumed equal to 110−4(Ω ∙ 𝑚)−1. 
Table 3: Stack electrical conductivity parameters (Ω ∙ 𝑚)−1 [38] 
 Healthy case Faulty case 
Bipolar plate + MEAs average conductivity 5103 110−4 
End plate conductivity 5107 5107 
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The Fig. 3 shows the different type of simulated current density as well as the streamlines distribution on 
a slice in the middle of the fuel cell and along the stack length. The size of the current loop depends on the 
number of affected cells and the electrical conductivity ratio between the healthy and the faulty zones. Two 
cases of faults can be defined as global faults called also 2D fault (Fig. 3a1) or localized faults called also 3D 
fault (Fig. 3a2). In case of operating conditions faults configurations, flooding or drying (2D fault) may 
involve all the cells of the stack generally in the same zone. This ideal case assumes the same fault on all cells 
along the stack in the lower part. In that case, the current density is forced to pass through the upper part (Fig. 
3a1). Subtracting the healthy, which assumes homogeneous simulated current streamline distribution in the 
active part and the main current in the fuel cell flows along the z-axis (Fig. 3b1), the current density loop, 
therefore, covers all the length of fuel cell (Fig. 3c1). In case of localized faults induced by material 
degradation (3D fault), one cell or few cells may be involved as shown in Fig. 3a2. Subtracting the healthy 
mode (Fig. 3b2), the current density loop (Fig. 3c2) is located on the left part of the stack and involves only 
the cells affected by the fault and its neighbors. For each current distribution (healthy, faulty and differential), 
the dedicated magnetic field can be calculated using the Biot and Savart law’s (Eq. 1). 
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Fig. 3: Decomposition of a simulated current distribution for two kinds of faults (2D and 3D) on a slice 
in the middle of the fuel cell and along the stack length: Decomposition of a 2D fault current (a1) into a sum 
of a healthy mode current (b1) and a current loop induced by a fault (c1); Decomposition of a 3D fault 
current (a2) into a sum of healthy mode current (b2) and a current loop induced by a fault (c2). 
 
As shown on the case of a 3D fault (Fig. 3a2), any current distribution (Fig. 4a) can be described as the 
sum of a healthy mode (Fig. 4b) plus a simple current loop (Fig. 4c). So, let us take as an example a faulty 
fuel cell. We assume that any current density distribution can be decomposed into a healthy mode and a current 
density loop on the yz-plane. We conclude that the current density distribution basis should contain a set of 
current loop configurations. [37]. This approach has been already used by Le Ny et al. [35,36].  
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Fig. 4: Theoretical decomposition of a heterogeneous current (a) healthy mode current (b) and current 
loop induced by a fault (c) on a cross-section along the stack length for a 3D fault. 
3.2. Choice of the current density distribution parametrization  
According to our description, the current density difference ∆𝐣 (Fig. 4c), is a current loop defined as: 
∆𝐣 =  𝐣(𝐟𝐚𝐮𝐥𝐭𝐲) − 𝐣(𝐡𝐞𝐚𝐥𝐭𝐡𝐲) (2) 
where j(faulty) (Fig. 4a) is the current density for a faulty stack and j(healthy) (Fig. 4b), the one for a healthy 
stack. 
As an assumption, any distribution of the current density difference ∆𝐣 can be expressed as a linear relation 
of ∆𝐣𝐢where ∆𝐣𝐢 corresponds to current density difference due to an elementary loop as shown on fig. 4c. In 
that case, the ∆𝑗 is given by: 
∆𝐣 =  ∑ 𝐈𝐢
𝐢
 ∆𝐣𝐢 
(3) 
where Ii is the contribution coefficient of the ∆𝐣𝐢 vector to the current density difference ∆𝐣.  
In order to define the ∆𝐣𝐢 differences, the fuel cell stack domain is divided into 555 volume parts. A zero 
electrical conductivity is imposed on each part separately to get a basis of 125 elementary faults and thanks 
to FEM electrokinetic model, the current density distribution inside the fuel cell is obtained. For each 
configuration, the healthy current density is subtracted to get only the current loop due to the fault. The figure 
5 shows 4 examples of current density differences among the 125 simulations. Based on this approach, we 
15 
 
assume that any current density difference induced by either a 2D fault (Fig. 3c1) or a 3D fault (Fig. 3c2) can 
be decomposed as a sum of this 125 current density difference as expressed in Eq. (3). We make the 
assumption that these 125 elementary current vectors can cover the space of all possible faults configurations. 
 
Fig. 5: Example of four vectors used to build the current basis 
3.3. Choice of the magnetic field parametrization 
Knowing this current basis, a magnetic field basis could be defined by integrating Biot and Savart law: 
∆𝐁𝒌 =  
𝛍𝟎
𝟒𝛑
∑ 𝐈𝐢
𝐢
 𝐮𝒌. ∫  
𝐫
𝐫𝟑
× ∆𝐣𝐢
𝛀
 𝐝𝛀 
(4) 
where ∆B𝑘 is the magnetic field difference between the faulty and the healthy case at sensor 𝑘 generated 
by a current density difference ∆𝐣𝒊 between a faulty and healthy mode and 𝐮𝒌 the orientation of the sensor 𝑘. 
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For example, Fig. 6 presents four magnetic field magnitudes corresponding to four elementary current 
loops shown on Fig. 5 on the 3 magnetic sensor arrays. 
 
Fig. 6: Example of four vectors used to build the magnetic basis: Magnetic field magnitude vectors related 
to current vectors (Fig. 5) 
3.4. Inverse model 
Equation 4 has been written for one sensor. By considering all the sensors, a linear relation linking the 
magnetic field on sensors and current density vectors can be obtained: 
∆𝐁 = 𝐒 ∆𝐉 (5) 
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where 𝐒 is the discretized Biot and Savart operator,  ∆𝐁 is the measurement difference vector and  ∆𝐉 is the 
current density difference vector. 
It remains to solve this system to reconstruct the current density difference distribution ∆𝐉. These inverse 
problem is said to be ill-posed [40], meaning that its solution is not unique. A good solution is to compute the 
pseudo inverse 𝐒+ of 𝐒 based on the Singular Value Decomposition (SVD) which can be truncated in order 
to limit the influence of measurement noise. This distribution can be finally obtained by solving [41]: 
∆𝐉 = 𝐒𝐭𝐫𝐜
+ ∆𝐁 
where  𝐒𝐭𝐫𝐜
+  is the truncated pseudo inverse of the operator 𝐒. 
(6) 
4. EXPERIMENTAL RESULTS 
The developed approach is deployed on a real stack in a laboratory environment for which anomalies are 
induced by either changing the operation conditions (2D fault) or by introducing a localised fault (3D fault).  
4.1. Identification of a global 2D Fault 
Two examples of the evolution of averaged cell voltage with operating conditions are depicted on fig. 7. 
Firstly, the evolution of averaged cell voltage and cell voltage standard deviation obtained on a healthy stack 
when the air stoichiometry is decreased from 2 down to 1.3, are shown in Fig. 7a for a nominal current equals 
to 100 A. Except air stoichiometry, all operating parameters are equals to parameters in the reference 
conditions (Table 2). As expected due to mass transport limitations, the decrease of air stoichiometry induces 
a decrease of the averaged cell voltages from 0.72 to 0.7 V whereas no important evolution of the cell voltages 
standard deviation (from 2.10-3 to 5.10-3 V approximately, corresponding to a difference between maximum 
and minimum cell voltages equals to 20mV) is observed indicating that no important heterogeneities are 
induced along the stack. Nevertheless, it is worth mentioning that the cell voltages become more and more 
unstable for the lower air stoichiometry because of the O2 starvation. The second case deals with the evolution 
18 
 
of the current distribution and of the average cell voltages with respect to relative humidity. The evolution of 
averaged cell voltage of the stack and cell voltage standard deviation for air relative humidity from 80% down 
to 30% and for I=100 and 50 A are depicted in Fig. 7b. As expected, the voltage increases when air relative 
humidity rises due to membrane humidification. Once again, no important discrepancy is observed in 
individual cell voltages and cell voltage standard deviation remains below 10 mV during experiment. As a 
consequence, it can be concluded that modification of inlet relative humidity seems to have the same effect 
to each cells along the stack. 
 
Fig. 7: Effect of the air stoichiometry variation at I = 100 A (a) and effect of the air relative humidity 
variation at I = 100 A and I= 50A (b) on the evolution of average cell voltages as a function of time. 
 
The magnetic field measurement on the three sensor arrays were recorded for the different air stoichiometry 
and air relative humidity. To obtain information about current distribution evolution with the stack input 
parameters, magnetic field evolution  ∆𝐁 is calculated for each measurements using the difference between 
the magnetic field recording in “healthy” conditions and magnetic field recording in “faulty” conditions. We 
consider that fuel cell working in reference conditions (Table 2) is supposed as a “healthy” stack while the 
19 
 
stack working at lower stoichiometry (1.5 and 1.3) and relative humidity (50% and 30%) is assumed as a 
“faulty” one: 
∆𝐁 = 𝐁(𝐟𝐚𝐮𝐥𝐭𝐲) − 𝐁(𝐡𝐞𝐚𝐥𝐭𝐡𝐲) (7) 
 
∆𝐁 is used in order to calculate the corresponding distribution of the current density difference  ∆𝐉 (Eq. (2)) 
for each value of air stoichiometry and air relative humidity. The results are presented in Fig. 8 when the air 
stoichiometry drops from 2 down to 1.3. On Fig. 8a, the change of current density distribution in the middle 
of the stack when comparing a “healthy” (sto=2) to a “faulty” (sto=1.5) is shown with the arrows displaying 
the location of the air inlet and air outlet and the design of gas flow fields. For air stoichiometry decreasing 
from 2 down to 1.5, the heterogeneity of the current density rises due to oxygen starvation from inlet to outlet 
for mean current density of 0.5 A/cm². An increase of the current density is observed at the air inlet (+0.1 A 
cm-2) while a decrease is obtained at the air outlet (-0.1 A cm-2). This current density distribution obtained 
from our inverse problem resolution is in agreement with previous measurements obtained using an internal 
measurement device located in the center of a fuel cell stack in operation [36]. 
Using a 3 dimensional magnetic description in addition to measurements in the middle of the st ack 
make it possible to capture the current density changes at different locations within the fuel cell. As an 
example, Fig. 8b, shows the current density modification, with respect to the current density at reference 
conditions, for an air stoichiometry equals to 1.5 and on the cross sections, located on the left, middle 
and right sides of the stack. Whatever the location in the stack, the heterogeneity of the current density 
rises due to oxygen starvation from inlet to outlet for mean current density of 0 .5 A/cm² when air 
stoichiometry decreases from 2 down to 1.5. Nevertheless, the identified current density changes are 
not exactly the same for the 3 cross sections. The current density changes are higher in the middle of 
the stack than on the left and right sides. This phenomenon is likely due to the current homogenization 
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by the end plates and the current collection. The current density modifications on the three previous 
cross section for an air stoichiometry equals to 1.3 and when the stoichiometry is f ixed to the initial 
value of 2, as in reference conditions, are respectively shown on Figs. 8c and 8d. As expected, operation 
at lower stoichiometry than 1.5 induces an increase of the current density at the air inlet in agreement 
with the modification of the gases activity along the active surface and the same phenomena of current 
distribution observed along the stack for a stoichiometry equals to 1.5 are recorded for lower 
stoichiometry. In addition, the current density difference recorded at the end of the experiment with a 
stoichiometry equals to the reference stoichiometry are close to zero indicating that the stack remains 
to its original state after experiment. 
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Fig. 8: Identified current density changes (∆𝐉) from magnetic field measurement for air stoichiometry 
ranging from 2 down to 1.5 for the middle cross section (a) and for the left, middle and right cross sections 
(b); from 2 down to 1.3 for the left, middle and right cross sections (c) and return to 2 for the left, middle 
and right cross sections (d) 
 
The model was also used to identify current density changes during membrane drying/humidification when 
the air relative humidity varies (Fig. 7b). The Fig. 9a shows the change of current density distribution in the 
middle of the stack comparing a stack working in dry condition (air relative humidity 30%) to the healthy one 
(reference condition). Contrary to the previous case, lower current density is observed close to the air inlet 
meanwhile larger current density is obtained close to the gas outlet when the stack is working under dry 
condition (air relative humidity 30%) compared to the healthy stack. The effect is clearly related to the high 
water removal process at the inlet part of the cell and to progressive hydration of the membrane along the 
channel because of water production by an oxygen reduction reaction at the cathode. 
Figs. 9b,c,d show cross sections, located on the left and right sides of the stack as well as in the middle. 
The identified change of current density distributions become more and more homogeneous when air relative 
humidity rises from 30% to 80%. The current density modifications are again higher in the middle of the stack 
than on the left and right sides (Figs. 9b and 9c).  
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Fig. 9: Identified current density changes (∆𝐉) from magnetic field measurement for air relative humidity 
ranging from 80% down to 30% for the middle cross section (a) and for the left, middle and right cross 
sections (b); from 80% down to 50% for the left, middle and right cross sections (c) and return to 80% for 
the left, middle and right cross sections (d) 
 
As a conclusion, the magnetic model developed in this work is sensitive to current density change induced by 
modification of operating conditions all along the stack as illustrated by water flooding or membrane drying 
underwent experiments. Moreover, on contrary to previous work [35] and according the assumptions used to 
build 3D magnetic model, it should be the able to identify a fault (3D faults) located only in a part of the fuel 
cell stack. 
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4.2. Identification of a local 3D Fault 
In order to validate the ability of the magnetic measurement method to identify a local fault within a 
PEMFC, a last set of measurements was made with stack containing five neighboring MEAs with 20% of 
active surface area inhibited (Fig. 1b).  
The magnetic field on the three sensor arrays for the healthy case (i.e. nominal condition at a current I = 
100A) and the faulty stack are measured and, the magnetic field difference calculated according to Eq. 7, is 
shown in Fig. 10. In that case, the shape of the field is not identical on the three sensor arrays because of the 
location of the 3D fault. This result suggests that the current distribution is heterogeneous over the entire stack 
length. It is worth mentioning that the differential signature of the magnetic field generated by this fault is 
greater on the radial component of the left sensor plane and it is of the order of 40 μT. This indication makes 
it possible to conclude that the fault is strictly 3D and located on the left side of the stack. 
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Fig. 10: Magnitude of the magnetic field for the 3D Fault (Bu: Radial component and Bw: Axial 
component) 
Fig. 11a shows individual cell polarization curves obtained with stack containing five neighboring MEAs 
with 20% of active surface area inhibited. As expected, the fives cells affected by the 3D fault exhibits the 
lowest performances. At the same time, the unmodified MEAs have the same electrical characteristics except 
the cell n°66, which is located close to the faulty cells. It seems to have slightly better performances than the 
other cells. This behavior has already been simulated and seems to be due to a constriction phenomenon of 
the current streamlines in the vicinity of a fault [38]. 
The current density difference is then calculated according to Eq. 6 and is shown in Fig. 11b. The 
distribution of current density difference is very heterogeneous in the plane crossing the fault (left cross 
section). Indeed, the current density is highly modified because the overall current is forced to pass through 
the healthy part of the cells. So, the current density becomes likely close to zero in the inactive MEA area 
(right top corner) and because of the current conservation, the current density is higher in the healthy zone. 
On contrary, the distribution of current density difference for healthy cells located far away from the faulty 
zone are very weak (right cross section). Indeed, cells located far away from the fault exhibits no change of 
current density due to the current redistribution by the bipolar plate [38]. Our diagnosis device is also sensitive 
to any current density change on the 3 cross sections induced by a localized fault underwent by only 5 cells 
of the stack. 
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Fig. 11: Effect of 3D fault on individual cell polarisation curves under reference conditions (a) and 
identified current density changes (∆𝐉) from the external magnetic field measurement (b) 
 
5. CONLUSION 
In this paper, a non-invasive magnetic tomography approach was proposed in order to locate different 
kinds of faults in PEMFC stacks from non-invasive magnetic field measurements. A sensor array was 
developed and designed to be sensitive only to current heterogeneities using a few magnetic sensors with a 
high sensitivity and high dynamic located on three sections around the stack. The experimental results 
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obtained on the GENEPAC stack show the sensitivity of the magnetic field to any change in operating 
conditions and to a localized fault on some cells of the stack.  
The sensitivity of our diagnosis tool has been demonstrated for cell flooding and membrane drying by varying 
the air stoichiometry and air relative humidity respectively. The results obtained concord with those presented 
in previous works and confirm the interest of the magnetic measurement to identify stack operating mode 
variation. To go further, a local fault on five neighboring cells in the stack was identified with our diagnosis 
tool. The distribution of current density is highly modified on these cells and this has been clearly observed 
on the cell magnetic signature. The inversion of this signature of the magnetic field measurement allows the 
reconstruction of a heterogeneous current with lowered current densities on the inactive zone of the cells.  
Significant gains on maintenance costs and lifetime of the fuel cell system can be achieved through a better 
estimation of the fuel cell state as well as a better control of operating conditions. This knowledge of the state 
of health of a fuel cell involves the development of methods and diagnostic tools that are non-invasive and 
have the lowest possible cost. External magnetic measurement makes possible the identification of 2D and 
3D current distributions in the fuel cell independently of the size of the fault within the limit of the precision 
of the sensors (resolution). In perspective, local electrochemical measurement may support stack-level 
degradation analyses as well as effective control to mitigate the consequences of degradation due to load 
cycles (electrochemical, thermal, mechanical and humidity effects) or faults. This research is a prerequisite to 
the stage of diagnosis, prognosis. It could lead to development of Fault Tolerant Control. A better estimation 
of fuel cell health and better control of operating conditions within the system would reduce maintenance 
costs and significantly increase its lifespan. Moreover, conclusions on interaction between design and 
heterogeneous current density should lead to specifications for stack design, as well as observation of 
interaction between the cells inside a stack. It should lead to the development of new generations for more 
robust stacks with an optimized design. 
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